Inclusive neutron spectra were measured at F, 4", 8", 15", 30", and 42" from Nb-Nb and Au-Au collisions at 800 MeV/nucleon. A peak that originales from neutron evaporation from the projectile appears in the spectra at angles out to 8". The shapes and magnitudes of the spectra are compared with those calculated frorn models of nucleus-nucleus collisions. The differential cross sections for Au-Au collisions are about four times those for Nb-Nb collisions. The predictions of the Vlasov-Uehling-Uhlenbeck (VUU) and QMD theories agree with the angular distributions of the differential cross sections except at small angles; the VUU prediction overestimates the angular distributions from a few degrees to about 20°, whereas the QMD prediction underestimates the angular distributions below 8". The Firestreak-model overestimates the angular distribution for Nb-Nb collisions and underestimates it for Au-Au collisions. Also, the VUU and QMD models agree with the measured double-differential cross sections in more angular and energy regions than the Firestreak and intranuclear cascade models; however, none of the models can account for the peaks at small angles ( B 5 15" 1.
I. INTRODUCTION
The equation-of-state (EOS) is fundamental for the understanding of nuclear matter away from the equilibrium and for learning about phase transitions of nuclear matter.192 Efforts to extract the EOS have been based on a comparison of high-multiplicity-selected data from 4 a detectors with theoretical m~d e l s ;~,~ however, most of the models have not been tested in much simpler measurements of inclusive cross sections. The measurement of double-differential inclusive cross sections at forward and backward angles is an important supplement to the high-multiplicity-selected data and can help to sort our theoretical descriptions. Agreement between predictions and measurements of inclusive double-differential cross sections over a wide angular region has not been achieved for relativistic collisions of heavy nuclei. If the models cannot reproduce the inclusive spectra, the veracity of their predictions for global variables can be questioned; hence, the ability to obtain agreement remains as an important challenge in relativistic heavy-ion physics.
In this Paper, we report measurement of inclusive double differential cross sections for neutron emission at W, 4", 8", 15", 30", and 42" , from 800-MeV/nucleon Nb-Nb and Au-Au collisions. Also, we compare the reported spectra with predictions from several models: (1) Fire~t r e a k ,~,~ (2) intranuclear c a~c a d e ,~-~ (3) VlasovUehling-Uhlenbeck (VUU) transport theory,134)'0-12 and (4) quantum-molecular dynamics ( Q M D ) . '~-'~ We fi nd that none of these approaches can provide overall agreement with the results from this experiment.
APPARATUS
The data were taken at the Bevalac accelerator at the Lawrence Berkeley Laboratory. Shown in Fig. 1 is the experimental arrangement, which was described in detail previously.16 Six mean-timed17 neutron detectorsI8 were located at W, 4", 8", 15", 30°, and 42" with respect to the beam direction. Each detector consisted on an NE-102 plastic scintillator, 10.16 cm thick and 101.6 cm high; the scintillators at the first four foward angles were 25.4 cm wide, and those at the remaining two angles were 50.8 cm wide. Neutrons were emitted from Nb-Nb or Au-Au collisions with a projectile energy of 800 MeV/nucleon at the center of a 1.37 g/cm2 Nb (1.71 g/cm2 Au) target oriented at 45" with respect to the beam direction. Charged particles incident on each of the six neutron detectors were vetoed with either a 6.3-mm or a 9.5-mm thick anticoincidence plastic scintillator. The time of flight (TOF) of each detected neutron was determined by measuring the time difference between the detection in
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@ 1990 The American Physical Society FIG. 1 . Experimental arrangement. N 1 through N 6 represent six neutron detectors, S1 and S1 are the two scintillators of the beam telescope, T is the target, SS is one of the shadow shields, C is the centrality detector, D ic the beam dump, and B shows the magnetic field of the HISS magnet.
one of the neutron detectors and the detection of a N b (or Au) ion in a beam telescope, which consisted of two NE-102 (76.2 mm X 76.2 mm X 0.8 mm thick) scintillation Counters positioned about 0.4 and 13 m upstream of the target. The flight paths for the six detectors decreased with increasing polar angle of the detector; they were 14.3, 14.3, 14.3, 13.9, 12 .0, and 8.4 m respectively. The standard deviation in the energy resolution was estimated to be 33 MeV for an 800-MeV neutron in the detector at 0" and 5 MeV for a 200-MeV neutron in the detector at 42". With a proton energy threshold of 20 MeV, the neutron detection efficiencies for a 50.8-cm wide detector, calculated with the Monte Carlo code of Cecil et al.,I9 were relatively flat at a level of 7.0% from 150 to 500 MeV and then decreased with increasing energy to about 4.2% at 2 GeV. The efficiencies for neutron energies above 500 Mev have not been tested experimentally;18 however, as pointed out in Ref. 16, the uncertainties in the detection efficiencies do not prevent us from extracting physics results of interest. The detection efficiencies for a 25.4-cm-wide detector were calculated to be no more than 0.5% lower than those for a 50.8-cm-wide detector at all energies.
Auxiliary measurements with steel shadow shields, 152-cm long, were used to determine target-correlated backgrounds. The other dimensions were 71 cm high by 20.3 cm wide for the 25.4-cm-wide detectors, and 101 cm high by 50.8 cm wide for the 50.8-cm-wide detectors. Each shadow shield was located about half-way between the target and the detector. The shadow shields attenuated neutrons by a factor > 104 at all energies. There were four configurations for shadow shields: the first configuration shadowed the detectors at 8" and 30"; the second, at 0" and 42", the third, at 4", and 42", a.nd the fourth, at 15" and 42". To avoid contamination from backgrounds related to shadow shields, the data in a detector without a shadow shield were analyzed only if the scattering angle of neutrons from any shadow shield to that detector was larger than 16".
The intensity of the usable incident beam was about 2 X 105 ions per pulse after a rejection loss of about 60%. Pileup circuitry rejected any beam ion that was accompanied by a second beam ion within a predetermined sampling time of typically i 4 0 0 ns. After traversing the beam telescope and the target, the beam was deflected by the large-aperture HISS magnet through an angle of 15" into a reentrant beam dump. A large (177.8 cm high X 101.6 cm wide X 0.95 cm thick) scintillation counter was located in front of the beam dump. The pulse height from this centrality detector served as a tag for the degree of centrality of the collisions. As shown by Lu et al.," large pulse heights are associated with lowmultiplicity (preferentially peripheral) collisions, and small pulse heights with high-multiplicity (preferentially central) collisions. Pulse heights from the centrality detector were used to separate peripheral and central collisions and to delineate the dependence on the impact parameter16 of the inclusive neutron spectra at 0".
Events with two neutrons in a detector were indistinguishable from single-neutron events. Based on an auxiliary measurement,16 the ratio R of the number of twoneutron events to the number of single-neutron events for the detector at 0" was equal to (2.5+0.5)% for Nb-Nb collisions and (1 1 F 1 )% for Au-Au collisions. The values of the ratio R for other detectors, being less than a few percent, were negligible within uncertainties.
When a proton was incident on a detector at the Same time as a neutron, the anticoincidence plastic scintillator vetoed that neutron. This proton-veto rate was small in this experimerit because the strong rnagnetic field of the HISS magnet deflected most protons away from the detectors. The deflection angle Od of a hezvy ion in a given magnetic field is proportional to Z / Ap, where Z is the charge, A is the mass number, and p is the momentum per nucleon of the ion. For an 800 MeV/nucleon Au projectile with Z / A = 79/197= 1 /2.5, the deflection angle Od was designed to be 15" in this experiment; accordingly, for protons emitted at 0", the deflection angle was about 37". The ratio of the neutron differential cross section at 37" to that at 0" was observed to be less than 170 for Au-Au collisions; thus, the proton-veto rate for the detector at 0" is estimated to be less than 4% after multiplying this cross-section ratio of less than 1% by the estimatedI6 neutron-hit rate of six per event for the detector at 0" and dividing by the neutron-to-proton ratio of 1.5. In a similar way, the proton-veto rates at other angles are estimated to be less than the 4% rate at 0". Because other charged particles are emitted less copiously than protons, the Veto rates from other charged particles are small compared to the proton-veto rate. For Nb-Nb collisions, the Veto rates from protons or other charged particles were even srnaller than those for Au-Au collisions because of the smaller cross sections for Nb-Nb collisions. 800 MeV/nucleon vs the neutron kinetic energy in the laboratoMeV/nucleon vs the neutron kinetic energy in the laboratory.
rY.
and Au-Au collisions are similar to those at O" in that they show a high-energy tail and a peak which is located at about the Same position as that at O". The high-energy tail in the spectra at 4" is believed16 to result from backscattering of neutrons in the target from clusters in the projectile, which is the same interpretation given to the spectra at 0";16 at 4", however, the backscatterings deviate slightly from the beam direction. As indicated in Ref. 16 for the peak at O", the peak in the spectra at 4" arises also from neutron evaporation from the projectile. These evaporation neutrons arise from peripheral collisions. A small and broad peak in the spectra at 8" from both NbNb and Au-Au collisions implies the evaporation neutrons can be emitted from the projectile at an angle as wide as 8" in the laboratory.
The neutron double-differential cross sections at O" ', where R is the radius of the nucleus, is 21+3 and 5 2 t 7 for Nb-Nb and Au-Au collisions, respectively, indicating that the average neutron multiplicity in this chosen fiducial region is about one-fifth of the number of neutrons in the projectile plus the target.
Comparison of the two angular distributions in Fig. 6 shows that the neutron double-differential cross sections for Au are about four times those for Nb. This factor of 4 is equal approximately to the ratio ( ~3 . 7 ) of the product of the neutron number and the geometric reaction cross section. This interpretation indicates that the neutron double-differential cross section from collisions of two heavy nuclei with equal masses is proportional to the number of neutrons in the nucleus.
The error bars shown in the figures include both the statistical and the estimated systematic uncertainties. As described in Ref. 16 for the spectra at O", the systematic uncertainty from the determination of the proton energy threshold is about 10% in the spectra at the six forward angles. The statistical uncertainty in the spectra at the six forward angles is smaller than this 10% systematic uncertainty at energies below about 800 MeV; it increases with increasing neutron energy to about 20% for Au-Au collisions and about 40% for Nb-Nb collisions at the highest neutron energies shown in the spectra.
The measurements of inclusive neutron spectra at the six forward angles are plotted in Figs. 7 and 8 as contours of Lorentz-invariant cross sections for Nb-Nb and Au-Au collisions, respectively, in the space of transverse momen- 
IV. COMPARISON WITH MODELS
Here we compare the results from this experiment with four models of nucleus-nucleus collisions: Firestreak, intranuclear cascade, VUU, and QMD. The Firestreak model is a modified version of the Fireball m~d e l .~' A t angles where thermal processes dominate, Firestreak cross sections agree reasonably well with spectra at bombarding energies in the vicinity of a few hundred MeV per nucleon, and with spectra from collisions of lightmass systems only at higher bombarding energies up to about 1 GeV per n~c l e o n .~ The dynamical input is minimal in Firestreak. The VUU modelL10 is a microscopic transport theory that is a Monte Carlo solution of the Vlasov-Uehling-Uhlenbeck (VUU) equation.10 It proceeds in terms of a cascade of binary collisions between nucleons, resonances, and pions according to the experimental scattering cross sections for free particles, corrected by a Pauli blocking factor. The isospin of each particle is incorporated explicitly. The dep&dence on the EOS enters via the acceleration of nucleons in the nuclear mean field. The VUU model predicts both collective flow and nucleon cross sections from collision of various systems at different beam energies;4"1-12 however, because the VUU approach does not account for the formation of composite nuclei, we expect the VUU theory to overestimate the measured nucleon cross sections. The intranuclear cascade model does not include compressional energy, and it calculates the number of free neutrons by subtracting the number of deuteron-like from all neutrons including those in clusters. The Q M D theory combines the quantum features of the VUU theory with a long-range N-body interaction, and it takes composites into account. 13-l 5 It is of interest to compare the predictions of these models with the measured differential cross sections. The spectra measured in this experiment will test these models for collisions of heavymass systems such as Nb-Nb and Au-Au at an energy of 800 MeV/nucleon. A similar comparison was done for collisions of La-La at an energy of 800 ~e~/ n u c l e o n .~~ Predictions of the angular distributions from O" to 60" of the differential cross sections are shown in Fig. 9 for Nb-Nb collisions and in Fig. 10 for Au-Au collisions. Predictions, from the Firestreak, VUU, and Q M D models are represented, respectively, by solid, dashed, and dotted lines in Figs. 9 and 10. The statistical uncertainties in the Monte Carlo calculations are smaller than the total uncertainties in the measurements. Because the intranuclear cascade code calculates too many deuterons at low energies as a result of contributions from higher-mass composites, it does not yield reliable predictions of double-differential cross sections at low energies; therefore, the intranuclear cascade model calculations of these angular distributions are not presented here. The VUU E " ' " " " " " " 2 code used here was developed by H. Stöcker et al. " Because VUU calculations made here with both supersoft and stiff EOS yielded the Same results, the spectra presented here present the sum of both calculations. From Figs. 9 and 10, we See that the predictions of the VUU and QMD theories agree with the magnitude of the differential cross sections at larger angles; at small angles, the VUU prediction overestimates the angular distributions from a few degrees to about 20", and the QMD prediction underestimates the angular distributions below 8". Also, we See that the Firestreak model overestimates the angular distribution for Nb-Nb collisions and underestimates it for Au-Au collisions.
For double-differential cross sections at six polar angles, we find that VUU and QMD models agree with the data in more angular and energy regions than the Firestreak and intranuclear cascade models, but that none of these models can account for the peaks at small angles ( 8 1 15") ; as examples, we present here the comparison of our measurements at three representative angles (viz., 4", 15", and 42") with the predictions from the four models. Predictions for the double-differential cross sections at 4", 15", and 42" are plotted in Figs. 11, 12, and 13, respectively, 15 , and 16 for Au-Au collisions. In Figs. 11 -16 , solid, dashed, dotted, and dot-dashed lines represent predictions from Firestreak, VUU, QMD, and intranuclear cascade models, respectively. The comparisons of the calculated spectra with measured neutron spectra at 4" in Fig. 11 for N b and t " ' l " ' l " ' l " ' l " ' i 800 MeV/nucleon Nb
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FIG. 13. Predictions for the inclusive double-differential cross sections for neutron emission at 42" from Nb-Nb collisions at 800 MeV/nucleon vs the neutron kinetic energy in the laboratory. Solid, dashed, dotted, and dot-dashed lines represent predictions from Firestreak, VUU, QMD, and cascade models, respectively. Symbols denote the data. trons by not accounting for the evaporation of neutrons frorn excited clusters, the Q M D calculation predicts lower Cross sections than those observed. The large nurnber of evaporation neutrons seen in the data in the region of the peaks at 0" and 4" indicates that many excited clusters are created in peripheral collisions. A measurernent of these clusters would be of interest. Fig. 14 for Au show that a good description of cluster forrnation and neutron evaporation is needed to account for the measured spectra. The fact that the data lie between the predictions of the VUU and Q M D rnodels dernonstrates the irnportance of cluster forrnation in the high cross section region (i.e., the region of high phase space density). Because the VUU calculation includes too rnany free neutrons by not subtracting those that coalesce into clusters, the VUU calculation predicts higher cross sections than those observed; conversely, be- angles for both Nb-Nb and Au-Au collisions. Also, pre-
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We rneasured inclusive neutron spectra at six forward \& dictions of the angular distributions of the differential cross sections do not agree with the measurements over
the full angular range; the better representations corne frorn the VUU and Q M D models. In the region of the projectile rapidity where the cross section is the highest, the difference between the VUU and QMD calculations demonstrates the irnportance of cluster forrnation. It is necessary to account for the rernoval of neutrons bound in clusters and for the evaporation of neutrons frorn the angles 0", 4", 8", 15", 30" , and 42" from Nb-Nb and Au-Au collisions at 800 MeV/nucleon. Neutrons evaporated from an excited projectile appear in the spectra at angles up to 8". Comparisons of the spectra with predictions frorn the Firestreak, VUU, QMD, and intranuclear cascade models show that none of these rnodels agree with excited clusters.
